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Hye-Sung Lee
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Theory Center, Jefferson Lab, Newport News, Virginia 23606, USA
Theory Division, CERN, CH-1211 Geneva 23, Switzerland
One of the major motivations to search for a dark gauge boson of MeV - GeV scale is the longstanding gµ − 2 anomaly. Because of active searches such as fixed target experiments and rare
meson decays, the gµ − 2 favored parameter region has been rapidly reduced. With the most recent
data, it is practically excluded now in the popular dark photon model. We overview the issue and
investigate a potentially alternative model based on the gauged lepton number or U (1)L . The gµ − 2
favored parameter region of the U (1)L survives all the constraints that were critical in the dark
photon case, yet it is disfavored by the new constraints from the large flux neutrino experiments.

1.

Introduction

The long-standing issue of the gµ − 2 has been always
a great motivation and the constraint on the new physics
beyond the Standard Model (SM). It is one of the major
motivations for the MeV - GeV scale gauge boson (Z ′ ).
Through a loop correction, it can address the 3.6σ C.L.
discrepancy in the gµ − 2 [1]. There are also other motivations for such a light gauge boson in the context of
the dark matter (DM) physics [2] including the observation of the positron excess in the cosmic ray experiments
[3, 4]. For a recent overview of the light dark gauge boson
physics, see Ref. [5]. Unlike most other motivations, the
gµ − 2 anomaly is independent of the unknown DM properties and it is also independent of the unknown decay
branching ratio of the Z ′ .
The popular approach to realize this light gauge boson with small couplings is often called the dark photon
model [2], which exploits the small kinetic mixing of the
new gauge symmetry U (1)Dark and the U (1)Y of the SM,
′
(ε/2 cos θW ) B µν Zµν
[6]. In this model, the new gauge
symmetry U (1)Dark is viewed as a gauge symmetry for
the dark sector only. The Z ′ can still couple to the SM
particles through the mixing with the SM gauge bosons.
Many searches for the dark gauge boson [5] have been
motivated and analyzed in the context of this model [64].
It is quite obvious that another way to naturally realize
it is through a gauged lepton number (L) or U (1)L gauge
symmetry as the gµ − 2 anomaly (in fact, the aforementioned positron excess as well) requires the Z ′ to couple
to the leptons, but not necessarily to the quarks. The relevant experimental constraints and their interpretations
differ from the kinetic mixing case (dark photon).
In fact, the entire gµ − 2 favored parameter space in
the dark photon model is practically excluded by this
year’s experimental results as demonstrated in this paper. Therefore, it would be timely and exigent to consider
the U (1)L and examine the experimental constraints on
the gµ − 2 favored parameter space of the model, which is
the main purpose of this paper. As we will show, it survives the constraints that excluded the dark photon as a
solution to the gµ −2 anomaly, but it does not survive the
new constraints from the ν − e scattering experiments.

2.

Dark Leptonic Gauge Boson

Light leptonic gauge bosons, including the flavordependent ones, have been studied in numerous literature
[13–22]. In this paper, we consider the gauged U (1)L with
a gauge boson Z ′ of the GeV or sub-GeV scale. We show
an example of the anomaly-free particle spectrum in the
Appendix. Some details regarding the new particles are
also presented there although they do not affect the main
phenomenology we consider in this paper. While we do
not necessarily link our discussion to the dark matter
physics, we call our Z ′ the dark leptonic gauge boson as
the word ‘dark’ is occasionally used for the suppressed
coupling in contrast to the ‘bright’ photon coupling.
The Z ′ interactions with the SM fermions in each
model, at the leading order, are given by
Ldark photon = −εeQe (f ) f¯γ µ f Z ′ , (1)
µ

Ldark leptonic gauge boson = −gZ ′ QL (f ) f¯γ µ f Zµ′ , (2)
where Qe is the electric charge and QL is the lepton number. In the U (1)L model with a small gauge coupling, the
light mass of the Z ′ arises naturally from the small gauge
coupling by mZ ′ ∼ gZ ′ hSi or similar depending on the
symmetry breaking sector.
Although the gZ ′ may have a very small size compared
to the SM gauge couplings, such a small gauge coupling
constant is technically fine as it neither violates any symmetry nor generates a fine-tuning issue. In fact, the difference may not be particularly drastic in view of the
disparity between the Yukawa coupling sizes of the top
quark and the electron in the SM (about 106 times difference). The precision test of the Z pole location at the
LEP experiment, which is constrained to be less than
O(10−3 ) in terms of Z-Z ′ mixing angle [1], is easily satisfied with the small gZ ′ .
The relevant Z ′ decay channels are
mZ ′ < 2me : νi ν̄i
2me < mZ ′ < 2mµ : νi ν̄i , e+ e−
2mµ < mZ ′ < 2mτ : νi ν̄i , e+ e− , µ+ µ−

(3)
(4)
(5)

with i = e, µ, τ . For a large part of the mZ ′ range,
the phase space suppression can be neglected. For example, the decay branching ratios into the neutrinos are
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FIG. 1: Constraints on the Dark Photon parameter space (a) for the typical case of Br(Z ′ → ℓ+ ℓ− ) ≈ 1, and (b) for the very
light dark matter case of Br(Z ′ → invisible) = 1. The figures are based on Ref. [12] with the updates from new data and
cosmetic changes. The gµ − 2 favored region (green bad) in typical case (a) is practically closed with the new data.

about 75% in 1 MeV <
∼ 200 MeV. The leptonic
∼ mZ ′ <
gauge boson is potentially a great source of the neutrino
production in all flavors.

3.

Anomalous Magnetic Moment

There is a 3.6σ discrepancy in the muon anomalous
magnetic moment aµ ≡ (gµ − 2)/2 between the experimental value and the SM prediction [1, 24].
SM
−11
∆aµ = aexp
µ − aµ = 288(80) × 10

(6)

This can be explained by the Z ′ with the dominant vector
coupling to leptons [25–27]. The contribution to aℓ , for
the lepton ℓ, by the dark gauge boson is
α′
(7)
FV (mZ ′ /mℓ ) with
2π
Z 1
FV (x) ≡
dz[2z(1 − z)2 ]/[(1 − z)2 + x2 z] , (8)
′

aZ
ℓ =

0

2
where α′ ≡ ε2 α (dark photon) or α′ ≡ gZ
′ /4π (dark
leptonic gauge boson).
In Fig. 1, we plot the parameter region that can explain
the ∆aµ in 90% C.L. (green band) as well as 3σ C.L.
exclusion bound. We also plot the bound from ae in 2σ
C.L. [28, 29] using the up-to-dated value.

∆ae = aexp
− aSM
= −1.06(0.82) × 10−12
e
e

(9)

4.

Constraints on the Dark Photon

Now, we overview the current bounds in the popular
dark photon model. Typically, there are two kinds of the
dark photon searches in the labs:
(i) Dilepton resonance search (Z ′ → ℓ+ ℓ− ),
(ii) Missing energy search (Z ′ → χχ̄).
The dilepton resonance search is the most popular
search in the ordinary condition, while the missing energy search assumes existence of the light dark matter
(LDM) whose mass is mχ < mZ ′ /2 so that the dark
photon can dominantly decay into them. Since the dark
photon couples only to the electrically charged particles,
it does not couple to the SM neutrinos that would have
appeared as a missing energy. Different types of experimental constraints apply in each case.
Figure 1 (a) shows the parameter space of the dark
photon model in the ordinary case, i.e. without assuming
the existence of the LDM particles. The dilepton decay
branching ratio is large in this model over most of the
mass range [30, 31]. For mZ ′ < 2mµ , it has Br(Z ′ →
e+ e− ) ≃ 1. Various constraints from the meson decays
[32–37], fixed target experiments [38, 39], beam dump
experiments [40] apply, and only the relevant ones for
the gµ − 2 favored region (green band) are shown in the
figure. We refer the interested readers to Ref. [5] for the
wider parameter space and relevant bounds.
With this year’s results from MAMI (90% C.L.) [39]
and BABAR (90% C.L.) [35] along with the ae bound
(2σ C.L.), we can see the whole green band is practically
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5.

Physics of the Dark Leptonic Gauge Boson

A drawback of the invisibly-decaying dark photon
[Fig. 1 (b)] is the requirement of the very light dark matter sector particles or LDMs, lighter than the MeV - GeV
scale dark photon. Dark leptonic gauge boson has the
SM neutrinos the Z ′ can mainly decay into, and it is free
from the severe quarkonium decay constraints [33–37] as
it does not couple to quarks. It is worthwhile investigating the constraints on its green band.
The relevant experiments for the dark leptonic gauge
boson include (i) Fixed target experiments, (ii) BABAR
e+ e− → γ + nothing search, (iii) BABAR e+ e− →
γ + ℓ+ ℓ− , (iv) Neutrino trident experiments, (v) SLAC
E137 experiment (LDM search), and (vi) Beam dump experiments. Most of these were investigated to constrain
the dark photon (Fig. 1) or other scenarios, and we can
use them with appropriate interpretations for the dark
leptonic gauge boson.
(i) Fixed target experiments (APEX [38], MAMI [39]
with 90% C.L.): They look for the e+ e− resonance from
the bremsstrahlung (eN → eN + e+ e− ). Since the Z ′
decay branching ratio for the e+ e− is diluted due to the
SM neutrinos, the results in Fig. 1 (a) can be taken for
the dark leptonic gauge boson with a proper scaling. The
scaling is about 1/4 for mZ ′ < 2mµ .
(ii) BABAR off-resonance e+ e− → γ + nothing search:
They look for the γ + missing energy as a signal of the
invisibly decaying Z ′ into the LDM particles in the dark
photon scenario (95% C.L.) [42, 43]. In the dark leptonic gauge boson case, the SM neutrinos play the same
role as the LDM for the missing energy. The results in
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excluded except for a tiny spot, which is also closed when
the preliminary results from PHENIX (90% C.L.) [36]
and ALICE (90% C.L.) [37] are counted. Thus one of the
major motivations of the dark gauge boson is seriously
weakened now in the popular dark photon model.
Partly because of the issue of rapidly shrinking green
band, there has been a growing interest in the invisiblydecaying dark photon with the LDM particles. Figure 1 (b) shows the parameter space of the dark photon
model with Br(Z ′ → χχ̄) = 1. Here, the K + → π + +
nothing search (95% C.L.) based on the BNL E787+E949
results [41] and the off-resonance e+ e− → γ + nothing
search (95% C.L.) [42, 43] based on the BABAR results
[44] provide strong constraints.
Although sizable parameter space is excluded, there
are still some portion of the green band around mZ ′ ≈
30 − 50 MeV and mZ ′ ≈ 140 MeV that survive the constraints. There may be more constraints using the LDM
detection such as the E137 beam dump experiments [45],
but they depend on other parameters such as the LDM
coupling, and we do not consider them in this paper. Part
of the unconstrained parameters in this scenario can be
probed by the proposed invisibly-decaying dark gauge
boson searches at DarkLight [46] and SPS [47, 48].
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FIG. 2: Constraints on the parameter space of the Dark Leptonic Gauge Boson in the U (1)L model.

Fig. 1 (b) can be taken with a proper scaling. Unlike the
dark photon, the dark leptonic gauge boson couples to
the SM neutrinos and the charged leptons with the same
strength. The scaling is about 3/4 for mZ ′ < 2mµ .
(iii) BABAR e+ e− → γ + ℓ+ ℓ− search: BABAR recently released a new analysis of the γ + ℓ+ ℓ− (ℓ = e, µ)
channel for the dark photon [35]. Unlike most other meson analyses including the old BABAR constraint [32],
new BABAR result assumes the dark photon production
only from the leptons, and not through the meson decays
based on that a vector meson decay to a photon and a
light vector boson should be suppressed. Thus the new
BABAR constraint (90% C.L.) does not vanish for the
dark leptonic gauge boson. The scaling is about 1/4 for
mZ ′ < 2mµ .
(iv) Neutrino trident (νµ N → νµ N + µ+ µ− ) experiments: The bound (95% C.L.) from the neutrino trident
production based on the CCFR experiment [49] is given
for the Lµ − Lτ model in Ref. [50]. They look for the
µ+ µ− pair produced in the muon neutrino beam scattered at the target. It provides a strong constraint on
the Z ′ which couples to both muons and muon neutrinos. Their bounds can be directly used for the U (1)L
based model without scaling.
(v) SLAC E137 experiment (LDM search): The bound
for the LDM (95% C.L.) from the E137 beam dump experiment [51] can be found in Ref. [45]. They analyzed
the data for the dark photon decaying into the fermionic
LDM (with mχ < 0.5 MeV and LDM coupling αD = 0.1),
which may scatter with the electrons in the detector via
the dark photon. We can reinterpret their LDM bounds
for the SM neutrinos with an appropriate scaling. While
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Br(Z ′ → χχ̄) = 1 is presumed for the LDM, the branching ratio for the SM neutrinos in the U (1)L is smaller
(about 3/4 for mZ ′ < 2mµ ). The expected number of
signals scales as (ε2 α)2 αD for the LDM, while it scales
as α′3 for the neutrinos. Unlike the dark photon with
the LDM, which has αD dependence, the U (1)L does not
have an extra parameter. There are also Z/W mediated
scatterings, which we neglect here as they are subdominant for the parameter region we are interested in.
(vi) Other beam dumps: There are numerous beam
dump experiments in various labs looking for the longlived particles decaying into e+ e− eventually [40]. This
kind of experiments are only sensitive to the Z ′ that
is long-lived enough to pass through the thick shields,
which is the main reason why they are not very relevant
in constraining the green band. Because of the SM neutrinos, the decay width of the dark leptonic gauge boson
is larger than that of the dark photon (about 4 times for
mZ ′ < 2mµ ). Thus, its decay branching ratio into the
e+ e− pair as well as the displacement vertex is about 1/4
of that of the dark photon, for mZ ′ < 2mµ . The chance
to pass through the shield and get detected is greatly
suppressed for the dark leptonic gauge boson, and the
beam dump bounds are much weaker than the dark photon case, which are already irrelevant to the green band.
The dark leptonic gauge boson can also mediate the
scattering of neutrinos and electrons, which would be important especially in the low-energy experiments. In fact,
the large flux neutrino experiments are quite sensitive to
such a ν − e scattering [52, 53]. The bounds from the
862 keV 7 Be solar neutrino flux measurement at Borexino experiment [54] for the B − L model are given in
Ref. [52], which already excludes the gµ − 2 favored parameter region. This can be also taken for the U (1)L .
In Fig. 2, we show the parameter space of the dark leptonic gauge boson with the constraints discussed above.
Although more dedicated studies, instead of using the
simple scalings, might reveal some differences, Fig. 2 has
sufficient details and accuracy for our purpose. The dark
leptonic gauge boson of roughly mZ ′ ≈ 30 − 80 MeV
range (which is the parameter range sensitive to the proposed fixed target experiments using the electron beams
at JLab [46, 55] and Mainz [39]) survives all constraints,
but not the constraint from the ν − e scattering. This
scattering is irrelevant for the dark photon which couples
only to the electromagnetic current, but very important
for the dark leptonic gauge boson. Although it might be
still meaningful to perform other types of experiments,
the solar neutrino experiment results give the discouragingly strong bounds for the U (1)L based dark leptonic
gauge boson as a solution to the gµ − 2 anomaly.
Regardless of being the solution to the gµ − 2 anomaly,
however, the dark leptonic gauge boson predicts interesting physics worthwhile investigating. Because of the
large branching ratio into the SM neutrinos (100% if
mZ ′ < 1 MeV), the dark leptonic gauge boson produced
via Bremsstrahlung from the electron (such as in the
fixed target or beam dump experiments) would effectively

serve as a neutrino beam producing machine, which deserves a dedicated study [56]. This is a feature for any
light gauge boson that couples to both electrons and neutrinos in general, and it does not apply to the Lµ − Lτ
model [50]. The neutrino beam from the U (1)L would
have distinguishable properties such as the presence of
both ν and ν̄ of all 3 flavors in equal portion.
6.

Summary and Conclusions

The gµ − 2 anomaly at the 3.6σ C.L. provides a great
motivation for the light dark gauge boson, independent
of the unknown dark matter properties. However, as
we demonstrated in this paper, the popular dark photon model is seriously hampered as the gµ − 2 favored
parameter region is excluded by the recent experimental
results with the described confidence levels unless very
light dark matter particles are introduced.
We investigated the U (1)L based dark leptonic gauge
boson as a potential alternative to the dark photon, as
it contains all essential features to explain the gµ − 2 in
the minimal flavor-universal way. It preserves the gµ − 2
favored parameter region after all the experimental constraints that are sensitive to the dark photon, but it does
not survive the ν − e scattering bounds set by the Borexino 7 Be solar neutrino flux measurement. Thus, it would
be hard to consider the U (1)L as a solution to the gµ − 2
anomaly although it would be still worthwhile studying
the U (1)L based dark gauge boson.
Further aspects to study about the U (1)L based dark
leptonic gauge boson include the phenomenology of the
exotic leptons, required for the gauged U (1)L , especially
for the Large Hadron Collider experiments and detailed
implications for the neutrino physics.
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a.

Appendix

Here, we present an example of the anomaly-free particle spectrum for the gauged U (1)L . (See also Refs. [57–
62].) The particle contents of the model is the whole
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SM particles including 3 right-handed neutrinos, 2 sets of
entire exotic lepton multiplet (L4 , N4 , E4 ), (L5 , N5 , E5 )
which are vector-like under the SM gauge group, and the
Z ′ as well as a Higgs singlet S to break the U (1)L . We
use notations such as L ≡ (ν, e)TL , N ≡ νR , E ≡ eR . The
charge assignments are given in Table I. The SM neutrinos are Dirac in this model as the Majorana neutrinos
would have vanishing vector couplings to the vector boson.
The SM leptons (quarks) have 1 (0) for the new U (1)
charges, justifying the name U (1)L for the SM sector.
The exotic-lepton mediated mixing of the Z ′ with the
SM neutral gauge bosons would be highly suppressed because of the small gZ ′ . The model is free from all chiral
anomalies as well as the global anomaly condition that
requires an even number of doublet fermions.
The Yukawa part Lagrangian is
− LY = yU Q̄H̃U + yD Q̄HD + yL L̄H̃N + yE L̄HE
+ yN4 L̄4 H̃N4 + yN5 L̄5 HN5 + yE4 L̄4 HE4 + yE5 L̄5 H̃E5
+ cL SL4 L5 + cN SN4 N5 + cE SE4 E5 + h.c.
(10)

′±
There are two charged Dirac fermions ℓ′±
1 , ℓ2 of a unit
electric charge ±1 and two neutral Dirac fermions ν1′ , ν2′ .
Although N5 does not contribute to any anomaly condition as it is a singlet under both the SM gauge group and
the U (1)L , we add it so that the new charged particles
can decay into ν1′ + W [28, 63]. Otherwise there would
be only one neutral Dirac particle which is heavier than
the lightest charged one ℓ′1 , which would be severely constrained. For the discussion on whether the ν1′ can be
the relic DM candidate, see Ref. [28].

Field
Q1−3
U1−3
D1−3
L1−3
SM leptons
N1−3
E1−3
L4 (L5 )
Exotic leptons N4 (N5 )
E4 (E5 )
SM Higgs
H
Higgs singlet
S
SM quarks

SU (3)C SU (2)L U (1)Y
3
3
3
1
1
1
1
1
1
1
1

2
1
1
2
1
1
2
1
1
2
1

U (1)L

1
6
2
3
− 13
− 12

0
0
0
1
0
1
−1
1
1
1
− 2 ( 2 ) −3 (0)
0 (0) −3 (0)
−1 (1) −3 (0)
1
0
2
0
3

where H̃ ≡ iτ2 H ∗ is a conjugate of H. This is a very similar particle spectrum (except for the new U (1)L charges)
to those in Refs. [28, 63]. In Ref. [28], all new leptons
have pure vector couplings to gauge boson. For instance,
L4 and L5 there have equal opposite charges under the
new U (1) gauge symmetry. The U (1)L charges of the L4
and L5 differ in our model.

TABLE I: SU (3)C × SU (2)L × U (1)Y × U (1)L charges of the
fields in the model. The exotic leptons carry unusual lepton
numbers for the chiral anomaly cancellation.
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